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ABSTRACT: Controlling the coordination
sphere of lanthanoid complexes is a chal-
lenging critical step towards controlling their
relaxation properties. Here we present the
synthesis of hexa-coordinated Dy single-mol-
ecule magnets where tripodal ligands
achieve a near-perfect octahedral coordina-
tion. We perform a full experimental and the-
oretical investigation of their magnetic prop-
erties, including a full single-crystal magnetic
anisotropy analysis. The combination of elec-
trostatic and crystal field computational tools
(SIMPRE and CONDON codes) allows explain-
ing the static behaviour of these systems in
detail.

Introduction.

Since the first observation of slow magnetic
relaxation in mononuclear lanthanide com-
plexes [Pc,Ln] (Pc = phthalocyanide, Ln" =
Tb, Dy, Ho),! the field of mononuclear single-
ion magnets (SIMs) and molecular spin
qubits has expanded significantly, and now
includes multiple examples based on either
lanthanoids or transition metals, or even

actinoids.? Considered as classical bistable
systems, they have set record values for the
temperatures at which slow relaxation of the
magnetization sets in. More interestingly,
their quantum properties make them very at-
tractive as spin qubit systems.® Recently,
record relaxation times have been obtained
in transition metal complexes, where there is
a greater control over the coordination
sphere.? Moreover, in the quest for longer re-
laxation times at higher temperatures, differ-
ent authors are now insisting on the need of
exerting some control over the molecular vi-
brations and not only focusing on the ther-
mal barrier.?* > The physics behind these ar-
guments shares common ground for both
transition-metal and lanthanoid complexes,
but the chemical control of the coordination
sphere is different. This is primarily due to
the differences between d and f orbitals (the
latter being more internal) and, secondarily,
to the larger coordination sphere and higher
coordination number of the lanthanoids.
Attempts to address this problem have been
performed by the use of rigid and bulky
ligands such as polyoxometalates.® Still, the
full validation of theoretical models and the



creation of a common background that can
relate the rare-earth magnetism to the
ligand-field analysis is largely unexplored.Z

Dy", in particular, has seen much use in
the design of single-molecule magnets
(SMMs), because of its high magnetic anisot-
ropy.2 In sandwich-type structures, Dy" com-
plexes should theoretically display strong ax-
ial anisotropy along the sandwich axis, but
experiments show substantial deviations
from these predictions. Despite insight ob-
tained from octa-coordinated Dy complexes
with square antiprismatic geometries, where
the properties can be adjusted by local sym-
metry distortions and ligand substitution,?
the lack of model systems and of treatable
situations is substantial. It has also been
noted that special symmetries such as the
octahedron or the cube can give rise to
unique quantum properties. As discussed
previously by Baldovi et al,*° the abundance
of degenerate or near-degenerate electronic
spin energy levels, even prior to the
consideration of nuclear spins, creates a
wealth of opportunities for avoided crossings
and therefore for Clock Transitions (CTs),
which can be used for improved quantum
coherence as we illustrated recently.™
Furthermore, even in absence of CTs, a
sufficiently large number of spin states in an
accessible energy window can be used to
construct multi-qubit (or d-bit) systems
where coherent transitions are
demonstrated.!?

Compared to Dy-based magnetic systems
with coordination numbers larger than 7, a
six-coordinate Dy complex (not cluster) is
rarely known®*'* and highly sought to further
understand fundamental magnet-like behav-
iors. Here we present the synthesis, struc-
ture, and magnetic properties of Dy SMMs in
custom-shaped and uncommon octahedral
coordination, providing model compounds
for the understanding of rare-earth mag-
netism.

Materials and Methods.

Reagents. All chemicals and solvents in
the synthesis were reagent grade and used
as received. Na[CpCo{P(O)(OEt).}s] (NalLog)
and Na[CpCo{P(O)(QiPr);}s:] (NalLor) were
prepared according to literature proce-
dures.12

[Dy(LQEt)zl(PFe) (1): NaLOEt (557 mg, 0.10
mmol) and NH4PF¢(16.3 mg, 0.10 mmol)
were dissolved in water (15 mL) and stirred
for 10 min. A yellow precipitate was gener-
ated immediately upon addition of
Dy(NOs3)3¢5H,0 (17.4 mg, 0.05 mmol) in wa-
ter (2 mL) to the ligand solution. The mixture
was stirred for 12 h and the precipitate was
filtered and washed with water. Vapor diffu-
sion of diethyl ether into a methanol solution
yielded crystals suitable for X-ray analysis.
Yield: 52.1 mg (75.6%). Anal. calcd for Cs4H7o-
Co.DyFe015P;: C, 29.62; H, 5.12. Found: C,
29.62; H, 5.04.

[Y(Loet)2](PFs): The Y analogue was ob-
tained by the same procedure as for com-
pound 1, except that Y(NOs);¢6H,0 was
used instead of Dy(lll). Yield: 72.3%. Anal.
Calcd for C34H70C02YF6013P7Z C, 3130, H,
5.41. Found: C, 31.38; H, 5.49.

[Dy(Loet)21(PFs) diluted 20-fold with
[Y(Loke:)21(PF¢) (diluted-1): An agqueous so-
lution (2 mL) of Dy(NOs);¢5H,O0 (0.005
mmol) and Y(NOs)s;6H,0 (0.10 mmol) was
added to a solution of NaLog (111.4 mg, 0.20
mmol) and NH4PFs(32.6 mg, 0.20 mmol) in
water (15 mL) with stirring. A yellow precipi-
tate was generated and the mixture was
stirred at room temperature for 12 h. The
precipitate was filtered, washed with water
and dried in air. Anal. Calcd for Cyi4H1470-
C042Y20DyF126037gP147: C, 3122, H, 5.39.
Found: C, 31.33; H, 5.35.

[Dy(Loirr)21(PFe) (2): Compound 2 was
obtained by the same procedure as for com-
pound 1 except for using NalLoe instead of
NaLoe:. Yield: 52.7%. Anal. Calcd for CseHos-
COszF6013P7: C, 3577, H, 6.00. Found: C,
35.77; H 6.08.

Physical Measurements. Elemental
analyses for C, H, and N were performed at
the Elemental Analysis Service Center of So-
gang University. PXRD data were recorded
using Cu Ka (A = 1.5406 A) on a Rigaku Ul-
tima Ill diffractometer with a scan speed of
2°/min and a step size of 0.02°. Magnetic
susceptibilities for complexes 1 and 2 were
carried out using a Quantum Design SQUID
susceptometer (dc) and a PPMS magne-
tometer (ac). Diamagnetic corrections of all
samples were estimated from Pascal’'s Ta-
bles.



Crystallographic Structure Determina-
tion. X-ray data for 1 and 2 were collected
on a Bruker SMART APEXIl diffractometer
equipped with graphite monochromated
MoKa radiation (A = 0.71073 A). Preliminary
orientation matrix and cell parameters were
determined from three sets of ¢ scans at
different starting angles. Data frames were
obtained at scan intervals of 0.5° with an ex-
posure time of 10 s per frame. The reflection
data were corrected for Lorentz and polariza-
tion factors. Absorption corrections were car-
ried out using SADABS. The structures were
solved by direct methods and refined by full-
matrix least-squares analysis using aniso-
tropic thermal parameters for non-hydrogen
atoms with the SHELXTL program. In com-
plex 2, the Cp ring and di-isopropyl-phos-
phito groups were disordered over two sites
(0.61: 0.39 for parts A and B, respectively)
using PART and isopropoxy groups were
isotropically refined. All hydrogen atoms
were calculated at idealized positions and
refined with the riding models. Crystal data
for 1 and 2 are summarized in Table S1.

Computational Details. The electronic
structures of 1 and 2 were determined using
the CONDON computational package.®* As
starting point, we have used the crystal-field
parameters (CFPs) determined by the REC
model* using the SIMPRE computational
package!® and assuming an ideal D34 coordi-
nation environment with the C; axis oriented
in z. Then, the magnetic properties of 1 were
fitted using the full Hamiltonian. The result-
ing CFPs were tested with the prediction of
the experimental single-crystal magnetic an-
isotropy measurements. Due to the chemical
and structural similarity of 2, the set of CFPs
determined for 1 was used as input to fit the
magnetic properties of 2. The free-ion pa-
rameters of Dy introduced in CONDON (elec-
tron repulsion parameters: F* (k = 2,4,6) and
spin-orbit coupling constant: &so) were not
varied during the fitting procedures.

Results and discussion

Description of the Structures. To design
the complexes we chose the tripodal ligands
[CpCo[P(O)(OR):]sI" (Figure S1) here short-
ened in Lor (R=Et, iPr), because huge steric
encumbrance is fundamental to hinder the
tendency of rare-earths to higher coordina-
tion numbers (synthesis in the experimental

section). Both [Dy(Lor).]* complexes crystal-
lize in the monoclinic space group C2/c,
with a PFs anion (Figure 1).

Figure 1. View of the crystal structure of: (a)
The cationic part of 1, and (b) its Dy coordina-
tion environment. (b); (c) The cationic part of
2, and its Dy coordination environment (d).
Hydrogen atoms are omitted for clarity.

The Dy atom is sandwiched between 6 oxy-
gens from two Lor ligands, successfully
forming the planned hexa-coordinate struc-
ture. The Dy-O bond lengths are very homo-
geneous, ranging between 2.249 and 2.257
A for 1 and between 2.246 and 2.265 A for
2. The angular deviation parameter, defined
as sum of the deviation from 90° of the 12
cis angles in the coordination sphere, is esti-
mated to be ¥=90.9° for 1 and 71.6° for 2.2
The shape-deviation parameters Sx against
an ideal octahedron (X=0) and a trigonal
prism (X=P) provides S,=1.66, S,=8.95 for
1, and 50,=0.52 and S,=15.11 for 2, showing
that continuous shape measures® clearly in-
dicate an octahedral geometry. While a per-
fect octahedron is obtained in 2, the use of
different Lor ligands allows distorting the oc-
tahedron, producing a twisting angle in 1
(Figures 1b and 1d). The diamagnetic CpCo
and PFs parts are positioned among the mol-
ecules and magnetically shield them, with



the shortest Dy-Dy distance is 12.1 A for 1
and 12.7 A for 2 (Figures S2 and S3).

Magnetic Properties. The magnetic suscepti-
bilities ym of 1 and 2 (i.e. the ratio M/H be-
tween the magnetization M and the mag-
netic field H) were measured at H = 1 kOe
down to 2.0 K (Figures S5 and S6). The ymT
values at room temperature for 1 and 2 are
13.5 and 13.7 cm?® K mol?, respectively,
close to the 14.2 cm3 K mol™* value expected
for the ®H;s/, state of Dy". x.T first decreases
gradually with T, and plummets abruptly be-
low 40 K, due to depopulation of the Stark
sublevels.22 M vs H (Figures S7 and S8) like-
wise indicates the presence of strong mag-
netic anisotropy.2?

The magnetization dynamics were investi-
gated by measuring the in-phase y.' and
out-of-phase xyn" response of the samples
under a small field oscillating at frequency w
(Figures 2 and S9 - 23). At H=0 quantum
tunneling between degenerate levels leads
to very fast relaxation.2 On increasing H the
relaxation time = becomes slower, reaches a
peak (at H,=600 and 750 Oe for 1 and 2)
and then decreases rapidly, as expected for
progressive suppression of quantum tunnel-
ing by H. Both 1 and 2 show a frequency de-
pendent peak in y»" vs T, and t was ex-
tracted by fitting the ac curves with a Debye
model. The resulting Arrhenius plot shows a
linear region at high T and a marked kink at
lower T, indicating the presence of a ther-
mally-activated mechanism still competing
with quantum tunneling.
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Figure 2. Temperature dependence of out-of-
phase component of the ac magnetic suscepti-
bility, xm" in zero external field for a) 1, c¢) di-
luted-1, and e) 2, and in the external field Hp
where the relaxation is slowest for: b) 1, Hp =
600 Oe; d) diluted-1, Hr = 450 Oe; f) 2, Hp
750 Oe.

In order to avoid overparameterization we
fit the ac magnetometry data considering
either Raman together with quantum
tunneling processes (Figure S24) or a simple
Orbach-only process (Arrhenius plot), as
expressed by the following equation:

T = To eXp(Uer/ kT)

The fit resulted in o = 2.4(5) x 10® s and
AE = 18(2) cm™ for 1, and o= 6.4(5) x 10”7 s
and AE = 9(1) cm? for 2 (Figure 3). Both
values are compatible with SMM behaviour,
and fitting of the Argand plots (Figures S13
and S18) shows a narrow distribution of re-
laxation times, with the spreading parame-
ter a=0.2 and 0.1 for 1 and 2, respectively.
Doping with Y" produces a very similar dy-
namic behaviour, with a slight decrease of
H, to 450 Oe, and longer T values. The re-
sulting Arrhenius fit provides 7 = 6.0(6) x 10
s and AE = 21(2) cm™. The spin-flip at-
tempt rate roughly matches the expected



value for spin-phonon processes, and a bar-
rier at the limits of the extraction errors.
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Figure 3. Dynamics of the magnetization as
extracted from ac susceptibility measurements
for 1 (black squares), 2 (blue triangles) and 1
diluted in a diamagnetic Y" matrix (red circles).
The solid lines represent fits from Arrhenius
formula.

As seen in Figure 3, a simple Arrhenius plot
does not capture all the physics in this
system. Raman processes seem to be
dominant in the case of 1, where a
satisfactory fit can be obtained for n=9
(Figure S24). The n values of 1 and diluted-1
are close to 9, consistent with the parame-
ters obtained from the fitting with an addi-
tional Orbach process. However, the Raman
model fails for 2. When n is fixed to 9, the
fit of 2 is poor.

Single-lon Anisotropy. We now examine
the role of the pseudo-axial local environ-
ment of the Dy" octahedron in the anisot-
ropy (Figures S25 - S30). Since, in 1, the Dy
centre is located on a C; rotation axis of the
C2/c space group, the molecular susceptibil-
ity tensor x must coincide with the crystal
one and it is possible to obtain the full mag-
netic anisotropy by rotating around three or-
thogonal axes in the low-H limit (Figure 4a).
By a fitting and diagonalization procedure
we obtain the orientation and magnitude of
the principal axes at different T. One eigen-
value is always dominant, with very promi-
nent easy-axis anisotropy oriented along the
pseudo C; molecular axis (Co-Co direction,
Figure 4b). This reveals a clean example of
uniaxial behaviour, consistent with expecta-
tions from the theory of octahedral transi-

tion-metal ions, and without the problems
associated to higher-coordination systems.
For 2 the same procedure is not possible, as
the crystal symmetry prevents a direct ex-
traction of the molecular susceptibility.
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Figure 4. (a) Angular dependence of the mag-
netic susceptibility of 1 at 11 K. Solid lines are
the results of theoretical calculations. (b)
Molecular structure showing easy axis
direction determined from experiment for easy
axis (red), medium axis (blue), and hard axis
(black).

Theoretical Calculations. The crystallographic
coordinates of the first coordination sphere
of 1 were idealized in order to reduce the
number of non-negligible CFPs. The
molecule was oriented with the pseudo-C;
main axis pointing in z. The idealization of
the coordinates resulted in two alternated
equilateral triangles of point charges
equidistant with respect to the Dy ion (~2.25



A). An initial individual fit of the powder
magnetic susceptibility data using the REC
model was performed obtaining the follow-
ing initial set of CFPs in Wybourne notation
(Cm_l): Bzo = 415, B4o = -2066, B43 = 2070,
Beo = 432, 863 = 2060, Bss = 702. They were
entered as input in the CONDON package
and only two iterations were needed to ob-
tain a very satisfactory fit (SQX = 0.81%,
Figure S5) resulting in the following set of
CFPs in Wybourne notation (cm?): Bz =
559(84); B4, = -3300(283); B4 = 1693(51);
Bao = 450(73), 353 = 2034(96), Bﬁﬁ =
718(342). Magnetization at 4, 5 and 6 K was
also reproduced (Figure S7). According to
this description, the first excited Kramers
doublet is found at 32 cm® and the total
crystal field splitting of the ground-/ is about
950 cm™. The energy levels distribution of
the ground-/ is reported in Table S3. The
lowest energy doublet from the next
multiplet is located 2668 cm™® above in
energy, placed at ~3618 cm™. The ground
Kramers doublet in the easy axis orientation
is described by 89.6% of |£11/2> with a
9.4% contribution of |£5/2>, which corre-
sponds to an effective g, of 13.74 (g, (exp) =
13.83)) and g, = 0.48. This description is
almost in perfect agreement with the
observed easy-axis behaviour (Figure S29).
Thus, the angular dependence of the
susceptibility of 1 is also reproduced
accurately (Figures S31 - S33), validating
once more the theoretical results. Secondly,
due to the chemical similarity and similar
coordination environment of 2, we have
used the calculated set of CFPs as starting
point to model the magnetic susceptibility of
2. An excellent agreement with SQX =
0.69% (Figure S6) was achieved with the
following set of CFPs in cm™. By, = 467(301);
Bs = -3605(990); Bss = 596(215); Bso =
164(133); Bes = 1545(281); Bes =
-357(2489), reproducing also magnetization
curves (Figure S8). The uncertainties esti-
mated for the CFPs are reported in Table S2.
The large uncertainties found in some of the
CFPs likely stem from the sole consideration
of powder magnetic susceptibility data, i.e.
single-crystal data was not taken into ac-
count. One should consider these uncertain-
ties as an upper-limit since (1) we intro-
duced structural information as a starting

point and (2) we are predicting instead of fit-
ting the magnetic anisotropy experimental
data. The energy level scheme of the ground
multiplet is also reported in Table S3. The
first excited doublet is placed at about 44
cm™® and the total splitting is ~853 cm™. In
this case, the ground state wave function is
more pure, being determined by 98.4% of |
+11/2> according to our calculations. This
leads to a slightly larger value of g, (14.54)
compared with 1 (13.74). Nevertheless, this
subtle difference would need a finer determi-
nation by spectroscopic measurements.
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Figure 5. Potential energy surfaces, repre-
sented in spherical coordinates, for the differ-

ent orientations of the pure |mf> spin sublevels
(only the highest four displayed) for: a) 1; b) 2;
The same plot for 1 (c) and 2 (d) by removing
the positive charged and diamagnetic Co"
ions. The colorscale indicates the energy (vio-
let lowest and red highest) and the vertical po-
sition is along the pseudo-C; axis.

In square antiprismatic systems, the dy-
namics depend on the axial compression or
elongation of the complex, and the presence
of a twist angle lowers the barrier and intro-
duces additional transverse terms that
favour quantum tunneling. We now use an
electrostatic model to reproduce the obser-
vations and study structure-properties corre-
lations. The states of rare earths are, in gen-

| o m)
eral, a linear combination of pure | /I spin



sublevels, with mixing introduced by the
high spin-orbit coupling and the symmetry
of the system. In ligand-field theory the ori-
entation of the quantization axis depends
only on the distribution of the charges
around the spin. By expanding the electron

density of the |mj>states into a series of
spherical harmonics Y’ (with k=6),%2 we can
calculate the potential energy of each pure

|m’> state as a function of the orientation, so
as to find the resulting preferred orientation
of the easy-axis. Z The results obtained con-
sidering the charges inside 1 and 2 are plot-
ted in Figures 5a and 5b against the az-
imuthal ¢ and polar 6 angles of the spheri-
cal coordinates. From the results it is evident

11
that, for 1, both ‘ A> the ‘%> states have an
absolute energy minimum at 6=0, which cor-
responds to the direction of the pseudo-C;
molecular axis. They must thus be the domi-
nant contribution to stabilize the observed
orientation of the magnetization easy-axis.
This is in perfect agreement with the phe-
nomenological fit by CONDON for both com-
plexes. On the contrary, the highest m;

15
state, ‘A> often assumed as the dominant
ground state contribution in rare-earth
SMMs, stabilizes a tilted easy-axis. A more
regular octahedral geometry, as observed in
passing from 1 to 2, changes the preferred

11
easy-axis orientation of the‘ A> contribution,
moving it to a transverse geometry and pre-
dictably lowering the barrier. The diamag-
netic Co" ions are revealed to be surprisingly
important, in 1, as they provide a strong
positive charge along the pseudo-C; axis.

. | | 15)
This is fundamental in reducing the

contribution to the ground state, as the high-
est m; state is predicted to be preferentially
oriented where the negative charge is most
dense. Without the Co" ions, the coordinat-
ing atoms and Cp~ rings would stabilize a

15
‘ A> ground state (Figures 5c, 5d, S34, S35).

Conclusions

We have rationally used bulky tripodal lig-
ands to obtain a nearly-ideal octahedral ge-
ometry around rare-earths, resulting in two
new Dy" SMMs. We have subjected them to
a detailed experimental and theoretical
magnetic analysis. By combining the REC-
model (an effective point-charge approach)
and the CONDON software (using the full
Hamiltonian), it has been possible to theo-
retically simulate the magnetic anisotropy,
including the susceptibility along three per-
pendicular rotations. Furthermore, using
these considerations, we could rationalize
the role of the different constituents of the
molecule, including the diamagnetic Co"
ions, which provide a strong positive charge
along the pseudo-C; axis, making it the main
magnetic axis in spite of the near-octahedral
coordination sphere.
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Custom Coordination Environments for Lanthanoids: Tripodal Ligands Achieve Near-Perfect
Octahedral Coordination for Two Dy-Based Molecular Nanomagnets

K.S. Lim, J.J. Baldovi, S.D. Jiang, B.H. Koo, D.W. Kang, W.R. Lee, E.K. Koh, A.Gaita-Arifio*, E.
Coronado, M. Slota, L. Bogani*, and C.S. Hong*

We present the synthesis, magnetic properties and modelling of two new Dy complexes with
octahedral symmetry around the rare-earth. We show that the magnetic behaviour can be in-
terpreted with electrostatic models, providing a first connection with the ligand-field theory
used in transition metal ions. Using the methodology we extract structure-properties correla-
tions and provide directions for the rational tuning of magnetic rare-earths complexes.




